Edited by James Rothman N-ethylmaleimide-sensitive fusion factor (NSF) is an ATPase that plays a crucial role in vesicular transport. Here, we examined the effects of NSF knockdown on Golgi structure and different vesicle trafficking pathways in mammalian cells. NSF knockdown caused Golgi fragmentation and abolished transferrin receptor exocytosis, defects that were rescued by RNAi-resistant NSF. Strikingly, NSF deficiency in HeLa cells barely affected cell viability, anterograde trafficking of vesicular stomatitis virus glycoprotein G and transferrin endocytosis. These results confirm the central role of NSF in Golgi structure and reveal differential requirement of NSF for exocytic recycling and constitutive trafficking pathways.
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Keywords: endosome; Golgi; N-ethylmaleimide-sensitive factor; TIRFM; vesicle trafficking Vesicle trafficking is an essential function in cellular activities. The interaction between soluble N-ethylmaleimide-sensitive factor (NSF) attachment receptor (SNARE) proteins from the vesicle (v-SNAREs) and target membrane (t-SNAREs) is an essential part of membrane fusion [1] . NSF is a homo-hexameric ATPase, which is required for numerous intracellular fusion processes [2] . NSF binds to the SNARE complex in the presence of its cofactor soluble NSF attachment protein (SNAP). Several studies have indicated that the NSF ATPase, together with cofactor aSNAP, disassembles the SNARE complexes, and making individual SNAREs available for subsequent rounds of membrane fusion [3] .
Despite its acceptance as a critical regulation of the fusion machinery, there are still debates about where and how NSF acts and its relative importance in different trafficking pathways. For instance, previous research suggested that NSF might play a role prior to membrane fusion for vesicle priming and maintain the SNARE complexes in a fusion-competent state [4] [5] [6] . It is possible that NSF acts at multiple stages of vesicle trafficking and differentially regulates different vesicular transport pathways inside the cells. Indeed, previous works have demonstrated a different requirement of NSF for the apical and basolateral transport in polarized MDCK cells [7, 8] . In this study, when NSF activity was blocked with anti-NSF antibodies, the basolateral trafficking was compromised, whereas the apical trafficking was completely normal [7] . Moreover, outside of aSNAP, NSF has been shown to engage and regulate many other proteins in cells including: AMPA receptor [9] , b2 adrenergic receptor [10] and serotonin transporter [11] . Interestingly, many of these receptors are in a constant membrane traffic flux, as they are internalized and recycled.
In the present study, we sought to investigate the effects of NSF knockdown on Golgi structure, vesicular transport and endocytosis in HeLa cells, and to test the concept that NSF may play a more critical role in exocytosis of recycling pathway than biosynthetic pathway. In support of our hypothesis we found that NSF knockdown in HeLa cells abolished exocytosis of transferrin receptor (TfR) (but not its endocytosis) and altered Golgi ribbon structure, but it had virtually no effect on cell viability and constitutive traffic as monitored by vesicular stomatitis virus glycoprotein G (VSVG) trafficking.
Materials and methods

Materials and DNA constructs
The mouse monoclonal anti-NSF (6E6) antibody was kindly provided by J. Rothman (Yale University, USA). The mouse anti-GAPDH, mouse anti-GM130 and antibodies against mouse IgG conjugated with horseradish peroxidase were purchased from Abcam (Cambridge, MA, USA). Fluorescent-labeled secondary antibodies were from Molecular Probes. Plasmids encoding NSF-EGFP and NSF (E329Q)-EGFP were gifts of P. Hanson (Washington University in St. Louis, USA) [12] . NSF-tagRFP and NSF (E329Q)-tagRFP constructs were generated based on tagRFP-N1 vector using XhoI and BamHI sites. For mammalian expression of aSNAP and aSNAP (L294A) tagRFP fusions, bovine aSNAP and aSNAP (L294A) cDNAs generously provided by R. Burgoyne (University of Liverpool, UK) [13] were PCR-amplified and cloned between EcoRI and BamHI sites in tagRFP-C1 vector. Common chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted.
Cell culture, transfection, and RNAi
HeLa cells stably expressing galactosyltransferase (GT)-GFP were provided by B. Storrie (University of Arkansas, USA) [14] . Cells were cultured in Dulbecco's modified Eagle's media (DMEM; Life Technologies, Carlsbad, CA, USA) with 10% FBS (Gibco, Gland Island, NY, USA) and 1% penicillin G/streptomycin at 37°C in a humidified 5% CO 2 incubator. Cells were transfected with indicated plasmids using the Lipofectamine 2000 (Life Technologies) according to the manufacturer's instructions. The Stealth siRNAs against human NSF (#1_HSS107323, #2_HSS181583, #3_HSS181584) and universal negative control siRNA were purchased from Invitrogen (Carlsbad, CA, USA). HeLa cells were transfected with the above siRNAs at final concentrations of 50 nM using the lipofectamine RNAiMAX transfection reagent (Life Technologies) according to the manufacturer's instructions.
Immunostaining and biochemical methods
Immunofluorescence cell staining was performed as described previously [15, 16] . HeLa cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100, then the cells were blocked with 1% BSA and 3% normal goat serum in PBS for 45 min. Golgi structure was labeled by using anti-GM130 antibody (1 : 200 dilution) followed by Alexa Fluor 488-conjugated anti-mouse IgG (1 : 200 dilution). Finally, the cells were washed, mounted and imaged with a spinning disk confocal microscope.
Immunoblotting was performed as described previously [15] . Briefly, HeLa cells were washed with PBS and lysed in RIPA lysis buffer (pH 7.4, 25 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) containing protease inhibitors (Complete; Roche, Indianapolis, IN, USA). Equal amounts of protein (quantified by bicinchoninic acid protein assays; Thermo Scientific, Rockford, IL, USA) in each sample were analyzed by SDS/PAGE and immunoblotting. Proteins were transferred to polyvinylidene difluoride membrane (Bio-Rad, Berkeley, CA, USA) and hybridized to an appropriate primary antibody and horseradish peroxidaseconjugated secondary antibody for subsequent detection with ECL (Millipore, Billerica, MA, USA). Densitometric analysis was performed with IMAGEJ software (NIH).
Live cell imaging
For microscopic imaging, HeLa cells was cultured on glassbottom MatTek dishes and imaged in KRH buffer, pH 7.4, containing 125 mM NaCl, 5 mM KCl, 1.3 mM CaCl 2 , 1.2 mM MgSO 4 , 20 mM D-glucose, 25 mM Hepes, and 0.2% BSA. Cells were kept in an Air-therm (WPI) temperature-regulated environmental box at 37°C throughout the experiments.
A Yokagawa-type spinning disk confocal microscope system was used for fast 4D imaging (PerkinElmer, Waltham, MA, USA) [17] . The system was mounted onto an inverted microscope (IX-71; Olympus, Tokyo, Japan) quipped with a 1 kb 9 1kb EM charge-coupled device camera (Hamamatsu Photonics, Shizuoka, Japan). The spinning disk confocal microscopy system was controlled by VOLOCITY software, cells were imaged by using 100 9 1.4 NA oil objective or 40 9 1.2 NA objective lens.
The objective TIRFM setup was based on an IX-81 inverted microscope (Olympus), equipped with argon (488 nm) and argon/krypton (561 nm) laser lines (Melles Griot, Carlsbad, CA, USA), a 60 9 1.45 NA oil immersion objective lens (Plan-ApoN; Olympus) [17] . Cells were imaged at 5-10 Hz, without binning, and detected with a back-illuminated Andor iXon885 EMCCD camera (1004 9 1002, 0.13 lm per pixel, 16 bits; Andor Technologies, Belfast, Northern Ireland).
Transferrin uptake and flow cytometry
HeLa cells transfected with control and NSF siRNAs were rinsed and incubated in KRBH buffer for 30 min to remove residual transferrin and then were exposed to 25 lgÁmL À1 transferrin conjugated with Alexa Fluor 488 (Life Technologies) at 37°C for the times indicated. Transferrin uptake was stopped by chilling the cells on ice. External transferrin was removed by washing with serum-free DMEM and PBS. The fluorescence intensity of transferrin uptake and Annexin V and Propidium Iodide double labeling was measured for 10 000 cells by flow cytometry using FACSCalibur (BD Biosciences, Franklin Lakes, NJ, USA) instrument.
Image analysis and statistics
Images were processed and analyzed using IMAGEJ 1.45s (NIH). To quantify the Golgi dispersion inside the cells, the sizes of the Golgi (measured by areas) as marked by GM130 and GT-GFP were calculated and normalized with control cells. Unless otherwise indicated, all data are presented as the mean AE SEM and analyzed using a Student's t-test.
Results
Effect of NSF overexpression on Golgi structure
Previous work has demonstrated that NSF regulates the intact of Golgi morphology in mammalian cells [12, 18] . To confirm this phenotype in HeLa cells, we expressed cells with wild-type NSF-tagRFP or ATPase-hydrolysis defective NSF(E329Q)-tagRFP mutant. As shown in Fig. 1 , exogenous expressed NSF was largely cytosolic and excluded from the nucleus (Fig. 1A,C) , whereas the NSF(E329Q) mutant showed punctate localization on intracellular membrane compartments (Fig. 1B,D) . Overexpression of NSFtagRFP did not affect Golgi morphology, whereas the expression of NSF(E329Q) disrupted the Golgi structure, as evaluated by immunofluorecent staining of GM130 and the localization of GT-GFP at the Golgi. Similarly, we found that overexpression of a dominant negative tagRFP-aSNAP(L294A) mutant, which binds to SNARE complexes but fails to activate NSF [13] , also disrupted the Golgi morphology as revealed by GT-GFP localization in HeLa cells (Fig. S1 ). Taken together, these results showed that NSF activity is needed to maintain Golgi structure in mammalian cells.
Effect of NSF knockdown on Golgi structure
To further understand the role of NSF on regulation of Golgi structure, we performed RNAi experiments to knockdown (KD) the endogenous NSF in HeLa cells. As shown in Fig. 2A ,B, by using siRNAs specific to human NSF, we were able to knockdown the (Fig. 2C,E) . In control HeLa cells, the Golgi was densely packed and located near the perinuclear region. But in NSF KD cells, the Golgi was loosely dispersed inside the cells. Quantitative image analysis confirmed our observation that knockdown of NSF disrupted normal Golgi structure ( Fig. 2D,F ; n = 50 cells for each condition). Next, we replenished the cells with RNAi-resistant form of NSF, and tested whether it rescued the Golgi defect. After 3 days of NSF KD, the Golgi was largely dispersed as revealed by GT-GFP localization (Fig. 2G) . Importantly, in HeLa cells re-expressed with RNAi-resistant NSF-tagRFP, the proper Golgi morphology was restored (Fig. 2G,I ). And we detected densely packed Golgi apparatus in rescued cells (Fig. 2I) . Quantitative image analysis further showed a significant alleviation of Golgi dispersion by re-expression of NSF ( Fig. 2J ; n = 30 cells for each condition). Taken together, these studies demonstrated that NSF knockdown caused disassembly of Golgi, which was rescued by replenishment of RNAiresistant NSF.
Effect of NSF knockdown on vesicular transport
To study how knockdown of NSF affects the vesicular transport in HeLa cells, we chose TfR (an endosomal cargo) and temperature-sensitive VSVG (a post-Golgi cargo) as model proteins. HeLa cells were transfected with TfR-pHluorin and single-vesicle exocytosis was imaged by total internal reflection fluorescence microscopy (TIRFM). pHluorin is a pH-sensitive GFP mutant, which is nonfluorescent when expressed in the acidic lumen of the vesicle, and becomes fluorescent when exposed to the extracellular neutral pH as the vesicle fuses with the PM [17] . With the application of pHluorin, single-vesicle exocytosis can be readily detected by TIRFM and quantitatively analyzed. In NSF knockdown cells, the exocytosis of TfR-pHluorin was almost eliminated (Fig. 3B) . The defect on vesicle exocytosis by NSF KD was rescued by replenishment of RNAi-resistant NSF, which restored the vesicle fusion completely (Fig. 3C,D) .
To explore how NSF KD affects post-Golgi vesicle trafficking, HeLa cells were transfected with VSVG-GFP. After transfection, the cells were placed on an incubator at 40°C for 18-24 h prior to the temperature shift at 32°C to release the cargo. In control cells transfected with scrambled siRNA, at the nonpermissive temperature VSVG-GFP was mainly localized at the ER, which is similar to the NSF KD cells (Fig. 3E,F) . The VSVG-GFP was transported to the Golgi apparatus after 30 min of temperature shift to 32°C, and finally reached to the plasma membrane after 90 min (Fig. 3E,F) . The population of cells whose plasma membrane were VSVG-GFP positive after 90 min of vesicle release were 86% and 78% in control and NSF KD cells, respectively. Thus, the secretion of VSVG-GFP was not abolished by NSF KD and even though the Golgi was very dispersed (Fig. 2) .
Effect of NSF knockdown on HeLa cells uptake of transferrin
One explanation of the effect on transferrin is that endocytosis may be impaired. To test for this possibility, we incubated NSF-knockdown HeLa cells with fluorescent-labeled transferrin and imaged the localization of endocytosed transferrin and measured transferrin internalization inside the cells. Three days after siRNA transfection, HeLa cells were incubated with Alexa Fluor 488-conjugated human transferrin for 20 min before the cells were washed and fixed to measure the cargo internalization. We used Epi-fluorescence microscopy to observe the distribution of endocytosed transferrin in HeLa cells (Fig. 4A-C) . In control cells, the fluorescent transferrin was distributed both in the cytosol and at the perinuclear compartment. However, in NSF KD cells, the majority of the endocytosed transferrin was localized at the cell periphery. To quantitatively analyze the differences in cargo distribution, we measured the ratio of fluorescent intensities at the inner of the cells versus those at the outer of the cells ( Fig. 4D ; n = 30 cells for each condition). The results clearly demonstrated that NSF KD affects the endocytosed cargo distribution in HeLa cells.
We employed flow cytometry to analyze the internalization of fluorescent-labeled transferrin in HeLa cells (Fig. 4E-G) . Interestingly, NSF KD did not affect the cells uptake transferrin (Fig. 4H) . In cells transfected with scrambled siRNA, NSF siRNA, NSF KD, and rescued cells, they had similar levels of transferrin internalization (Fig. 4H) . Furthermore, we also used flow cytometric analysis to study the effect of NSF KD on the cell viability by using the Annexin V and Propidium Iodide double labeling. Strikingly, despite a major defect in endocytic recycling, we did not detect any defect in cell viability on NSF KD cells (Fig. S2) .
Discussion
N-ethylmaleimide-sensitive factor is a key component of intracellular vesicle trafficking that mediates turnover of SNARE complexes, which ensures the continuity of vesicle fusion [1, 2, 19] . In the present study, we have used overexpression of dominant interfering mutants and RNAi approaches to perturb NSF activity, and investigated the role of NSF plays in regulation of Golgi integrity and vesicular transport in mammalian cells. Our results indicated that NSF activity is required for maintenance of the intact Golgi structure in HeLa cells. Overexpression of the ATPase activity-deficient mutant NSF(E329Q) and knockdown of NSF expression in HeLa cells induced Golgi dispersion (Figs 1 and 2) . We further studied NSF knockdown on vesicular transport, focusing on two different trafficking pathways, the endosomal recycling pathway and post-Golgi vesicle trafficking (Fig. 3) . We found a differential requirement of NSF activity for different trafficking pathways. NSF knockdown abolished TfR exocytosis, whereas had minor effect on VSVG trafficking to the cell surface.
The NSF was originally discovered and purified based on its ability to restore transport activity of Golgi membranes that had been pretreated with the drug N-ethylmaleimide (NEM) [20] . Since then, NSF has been shown to be involved in multiple steps of both the constitutive and regulated vesicle transport pathways [2, 21] . Unlike the genetic tractable model systems such as yeast and Drosophila, in which NSF activity can be easily genetically ablated, in mammalian cells, NSF mutants or RNAi approaches were typically employed [12, [22] [23] [24] . Consistent with previous findings [12, 18] , NSF(E329Q), the mutant of NSF that is deficient in ATP hydrolysis, disrupts Golgi structure in mammalian cells (Fig. 1) . We further found that overexpression of aSNAP(L294A) mutant, which is abortive to activate NSF, also induces Golgi dispersion (Fig. S1) . Similarly, aSNAP knockdown was reported to disrupt Golgi structure [24, 25] , which is resembled of what we detected on NSF knockdown cells (Fig. 2) . Furthermore, we demonstrated that the Golgi dispersion phenotype by NSF knockdown could be fully rescued by reexpression of RNAi-resistant NSF (Fig. 2) . However, our results were contradicted with previous work on epithelial cells, in which NSF knockdown was shown to have no effect on the localization of GM130 and the Golgi structure [24] . The reason could be that different cell types have different sensitivity to NSF perturbation. Golgi and endosomes are among the most dynamic in the cell and are most likely to have the highest concentration of SNAREs to recruit NSF. Membrane fractionation studies have shown that NSF and aSNAP are significantly enriched on endosomal membranes, with respect to other cellular membranes [26] . In this study, we found that knockdown of NSF in HeLa cells totally abolished endosomal TfR exocytosis, whereas the constitutive trafficking of VSVG was less affected (Fig. 3) . Our data support that the requirement on NSF for exo-endocytic recycling is more stringent than the requirement of NSF in constitutive exocytosis, as the latter can function at a near optimal rate with 85% depletion of NSF. Thus, our study suggests a differential requirement of NSF for different trafficking pathways. Indeed, previous works have revealed a different requirement of NSF for the apical and basolateral vesicle transport in polarized MDCK cells [7, 8] . Inhibition of NSF activity with anti-NSF antibodies, NEM-or ATPase-deficient mutants destroyed the basolateral vesicle trafficking, but the apical transport of hemagglutinin and GPIanchored proteins in MDCK cells were largely unaffected [7, 8] . Similarly, in rat adipose cells, it was shown that NSF plays different role in constitutive recycling pathway and insulin regulated GLUT4 trafficking pathway [23] . The mechanism of the differential regulation of membrane traffic by NSF deserves further study in the future. In addition, we found that knockdown of NSF on HeLa cells did not affect cell viability and cell division in general (Fig. S2) . Our results are consistent with previous work, which showed that aSNAP knockdown induces cell apoptosis and autophagy, whereas NSF is not involved in these processes [24, 25] . Furthermore, NSF was not among the candidates that were identified at genome-wide RNAi screening for proteins engaged in cell division and secretion [27, 28] .
In summary, our study suggests that NSF activity is necessary for maintenance of the Golgi structure in HeLa cells, and it is not critical for cell viability, anterograde trafficking of VSVG, and transferrin endocytosis. The NSF might serve as a future drug target for the central nervous system, as our results might imply that inhibition of NSF pharmacologically would be expected to interfere more with surface membrane recycling, such as synaptic recycling, than with constitutive exocytic processes. Although the latter is a conjecture, our studies highlight the power of seeing differential phenotypes that may be missed in complete genetic knockout of NSF or fully inhibition by dominant negative NSF overexpression.
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